Suppression of spin relaxation in an InAs nanowire double quantum dot 
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We investigate the triplet-singlet relaxation in a double quantum dot denned by top-gates in an 
InAs nanowire. In the Pauli spin blockade regime, the leakage current can be mainly attributed to 
spin relaxation. While at weak and strong inter-dot coupling relaxation is dominated by two indi- 
vidual mechanisms, the relaxation is strongly reduced at intermediate coupling and finite magnetic 
field. In addition we observe a charateristic bistability of the spin-non conserving current as a func- 
tion of magnetic field. We propose a model where these features are explained by the polarization 
of nuclear spins enabled by the interplay between hyperfine and spin-orbit mediated relaxation. 



Coherent spin manipulation p], [2] has been demon- 
strated on quantum dots in GaAs heterostructures, ben- 
efiting from the high quality of these systems and the 
highly developed manufacturing technology. Alternative 
materials such as InAs may offer advantageous spin prop- 
erties. The large electronic g*-factor could allow for 
easier spin control with magnetic fields, while the en- 
hanced spin-orbit interactions motivated recent propos- 
als for purely electrical manipulation of individual spins 

sa. 

Various relaxation processes limit the lifetime of spin 
states. In GaAs quantum dots, the dominating mecha- 
nisms are the spin-orbit interaction [5|, |y, M, [n M and the 
hyperfine interaction with nuclear spins jloTllll. H2L EH, 
Q El. The question of spin relaxation is particularly 
relevant in InAs, where the strong spin-orbit interaction 
and the large nuclear spin of In are expected to lead to 
a strong spin relaxation. 

As shown in 

nana, 

spin relaxation can be probed 
by the leakage current through a double quantum dot 
(DQD) in the Pauli spin blockade regime [lgj. We con- 
sider three different leakage processes: (i) cotunneling 
through the DQD (ii) relaxation due to spin-orbit inter- 
action and (iii) relaxation as a result of hyperfine interac- 
tion with the nuclei of the host material. When studying 
the kinetics of different processes occuring in parallel, it 
is common to consider a global reaction rate as the sum of 
the individual rates. Here we show that the interplay be- 
tween the different spin relaxation mechanisms can lead 
to more complex phenomena, and even to a pronounced 
reduction of the global relaxation rate. 

We investigate the singlet-triplet relaxation as a func- 
tion of magnetic field in a DQD fabricated in an InAs 
nanowire (NW). At both weak and strong coupling be- 
tween the two dots, strong relaxation is found. At inter- 
mediate coupling, we observe suppressed relaxation ac- 
companied by a bistable behavior in magnetic field and 
gate detuning. We suggest a model where this suppres- 
sion is explained by a dynamic nuclear spin polarization 
and supported only in the presence of different indepen- 
dent relaxation paths. 

The InAs NWs are catalytically grown using Metal Or- 



ganic Vapor Phase Epitaxy [19[, and are subsequently 
transferred to an oxidized silicon substrate. Ohmic 
contacts and top-gates are then created in a two-step 
lithographic process |20|, yielding devices as shown in 
Fig. 1(a). We perform transport measurements in a di- 
lution refrigerator at a base temperature of 30 mK un- 
less otherwise stated. A magnetic field is applied per- 
pendicular to the wire axis. Two quantum dots in 
series are formed along the NW by applying voltages 
to the top-gates GL, GC and GR. In the Coulomb 
blockade regime, the number of electrons (n, m) in the 
left /right dot can be tuned with the gates GL/GR, 
while the gate GC is used to adjust the coupling be- 
tween the dots. For finite bias voltage Vsd, sequen- 
tial electron transport via the dot occupation cycle 
(n, m) — > (n + 1, m) — > (n, m + 1) — > (n, m) is energeti- 
cally allowed only for gate voltages in a triangular region 



of the VGL-VGR-pl&ne [20|, [2l[. This is demonstrated in 



Figs. 1(c) and (d) where the current is measured for two 
opposite bias voltages. Adjusting the voltages Vol and 
Vgr we can either tune the global energy in both dots 
(along the base of the triangles), or detune the levels in 
the dots with respect to each other by an energy Alr 
(along the doted line in Fig. 1(c)). 

While for positive Vsd (Fig. 1(d)) a large current 
is measured in the whole triangle, the current is sup- 
pressed close to the base of the triangle for negative bias 
(Fig. 1(c)). Similar results have been observed in GaAs 
DQDs containing two electrons [18[, and attributed to 
spin blockade (SB) due to the Pauli exclusion principle. 
The two electrons can form either singlet or triplet states, 
for both occupations (1,1) and (0,2). Because tunnel- 
ing preserves spin, the evolution from a (1,1) triplet to 
the (0, 2) singlet is forbidden, which suppresses the cur- 
rent (inset Fig. 1(c)). If the detuning Alr exceeds the 
singlet-triplet splitting (5(0, 2)-T(0, 2)) of the drain-side 
dot, electrons can escape also from the (1, l)-triplets via 
T(0, 2) and a finite current is observed (white arrow in 
Fig. 1(c)). For reverse bias, electrons can always pass 
from the (0,2) to the (1, 1) states (inset Fig. 1(d)). The 
splitting between 5(0, 2) and T(0, 2) is consistently seen 
as a step in current. 
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FIG. 1: a) Scanning electron microscope image of a device 
equivalent to the one measured. The current Isd for an ap- 
plied source-drain voltage Vsd is measured between the outer 
contacts to the nanowire (NW). Voltages on the top-gates 
GL,GR,GC create a double quantum dot. b) Level scheme 
and relaxation rates inside the spin blockaded region. A small 
magnetic field splits the triplets by AEz- Fluctuating nuclear 
spins lead to relaxation of the triplets to the singlets with 
rates To,± over the splitting e. The singlet S(0, 2) is coupled 
to the drain lead with the rate Yd- Alternative processes 
such as cotunneling with a rate Y" and relaxation mediated 
by spin orbit interaction (Y f ) are sketched for T_(l,l). c) 
Current Isd as a function of gate voltages Vgl and Vgr for 
Vsd = —3 mV. Spin blockade suppresses current in the base 
region of the triangle. Variation of Vgl, Vgr along the dot- 
ted white line detunes the levels in the dot with respect to 
each other by an energy Alr. At large detuning, current 
can flow via T(0, 2) (red dashed line in inset, white arrow in 
main panel), d) For reverse bias Vsd = +3mV, current can 
always flow via (0, 1) -> (0, 2) -> (1, 1) -> (0, 1) (inset). The 
white arrow indicates the onset of transport via T(0, 2). 



In our device, we are not able to decrease the number 
of electrons down to two. However, SB was observed in 
GaAs DQDs also for charge transitions with higher even 
numbers of electrons [22]. In InAs, interaction effects 
are weaker because of the small effective mass (m* « 
0.02mo). Therefore spin pairing is more likely to occur 
and the spin-less core of electrons can be ignored. To 
further check the consistency with SB, we have measured 
the same effect when changing the number of electrons in 
the DQD by two, while SB is not observed when changing 
this number by one. 

To investigate the relaxation processes, we measure the 
leakage current through the SB as a function of magnetic 
field and level detuning Alr. The observed relaxation 
changes drastically for different coupling between the two 




CD 



-134 V GC (mV)-128 



-27 V QL (mV) -26 



-26 V GL(mV) 



FIG. 2: (a) Color plot of I SD for V G c = -128 mV. The gate 
voltages are detuned along the white dotted line as shown 
in Fig. 1(b) and the B field is stepped. Inset: magnetic field 
dependence of the current along the blue dashed line in the 
main panel, (b) Same measurement as in (a), but with slightly 
deceased inter-dot coupling (Vgc = — 129mV). Inset: size 
of the low leakage region in units of the magnetic field for 
different coupling, tuned by Vgc- 



dots. We can tune the tunnel coupling energy over a wide 
range in our device |20[ and estimate values of 0.15-0.25 
meV for the regimes considered here. 

For weakly coupled dots, we observe a significant leak- 
age through the SB at low fields, which is reduced for 
higher fields (not shown). Our data are in good agree- 
ment with results on weakly coupled lateral DQDs in 
GaAs [16[, where the relaxation was explained by the 
environment of fluctuating nuclear spins. 

The situation is reversed for strong inter-dot coupling. 
In Fig. 2(a), the leakage current is plotted as a function of 
detuning and magnetic field. The gate voltages are varied 
along the dotted detuning line in Fig. 1(c). Spin blockade 
is observed around B = mT and lifted for a small finite 
field. The inset shows the field dependence of the leakage 
current along the dashed line in the main panel. After 
a monotonic increase for small fields, the leakage current 
saturates to a field independent value probably limited 
by the coupling to the leads. 

Tuning to intermediate coupling, we observe a complex 
behavior. In Fig. 2(b), the measurement of Fig. 2(a) is re- 
peated with slightly decreased coupling. The leakage cur- 
rent is suppressed by an order of magnitude in a sharply 
defined region of magnetic field and detuning. From the 
magnitude of the current (I ~ 1 pA), we estimate a relax- 
ation time T-f > e/I ~ 100 ns. The suppression only ex- 
ists up to a critical coupling strength (Vgc = — 128mV). 
Below this value, the dimension of the low-current region 
varies strongly with Vgc (Fig. 2(b) inset). 

The reduced leakage current exhibits a pronounced 
bistability. Fig. 3 shows measurements corresponding to 
Fig. 2, but sweeping the magnetic field in one direction 
and stepping the detuning after each sweep. The region 
of reduced relaxation is drastically extended in the sweep 
direction of the field. We find no dependence on the 
sweep rate within the experimental values (0.5 mT/min 
- 300 mT/min). After accessing a point in the extended 
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region (labeled X in Fig. 3(b)), the low-current state is 
stable for hours. The high leakage current is switched on 
again, if the gate voltages are tuned outside the region 
of suppression and back along the dashed line (Fig. 3(b) 
inset). 

In Fig. 4(c), current traces for up (green) and down 
(black) sweeps of the magnetic field along the dashed line 
in Fig. 3(a) are shown. The bistable suppression abruptly 
vanishes above a critical temperature of T cr « 600 mK, 
see Fig. 4(d). At high temperatures, the current traces 
are similar to the ones for high coupling taken along the 
dashed line in Fig. 2(a) (dotted lines in Fig. 4(c)). 

We now discuss our data in view of the relaxation 
mechanisms sketched in Fig. 1(b). (i) Cotunneling gives 
rise to a leakage background as soon as a level in one of 
the dots is within the bias window. This process depends 
on the coupling to the leads, and we measure almost no 
dependence on magnetic field in the range considered 
here (up to several hundred mT). (ii) In the presence 
of spin-orbit interactions, no fixed spin quantization axis 
exists and singlets and triplets are mixed @, 0]. Spin 
relaxation can then occur via electron-phonon interac- 
tions. This mechanism should not lead to relaxation at 
zero magnetic field due to time reversal symmetry and 
the rate is expected to increase with a power-law for fi- 
nite field [1, f 
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24[ (iii) Finally, the hyperfine interac- 
tion depends on the overlap of the electronic wavefunc- 
tion with the nuclei of the host material. In a DQD, 
electrons in the separated dots experience uncorrelated 
local fields, which leads to a mixing of the (1,1) triplets 
with the singlet [Io|, EH, EH- For weakly coupled dots, 
the resulting triplet-singlet relaxation is strong at small 
magnetic fields, while it is suppressed for higher fields 
[l3[ . This magnetic field dependence is in contrast to the 
relaxation due to spin-orbit interaction. 

At strong coupling (Fig. 2(a)), the suppression of the 
leakage current at low magnetic field and its continuous 
increase with B is very different from what has been ob- 
served in GaAs DQDs for weak, intermediate and strong 
coupling However, the behavior is consistent 

with the magnetic field dependence of spin relaxation 
due to spin-orbit coupling. Strong spin-orbit interaction 
is indeed expected in In As. Furthermore, we observe a 
pronounced anticrossing of the 5(0, 2) and T(0, 2) states 
at B « 2.5 T (not shown), which has been studied in a 
similar system and can be explained by spin-orbit cou- 



pling [2a, [2Z[ • We thus attribute the leakage current at 
strong coupling mainly to relaxation by spin-orbit inter- 
action. 

At intermediate coupling, the observed bistability of 
the leakage current differs strongly from the continuous 
magnetic field dependences at weak and strong coupling. 
A similar bistability has been detected in the spin block- 
aded regime in GaAs DQ Ds ll6l.l25L as well as by optical 
pumping in InGaAs dots [2a, l22(- In both cases, the ef- 
fect was attributed to the dynamic polarization of nuclei 
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FIG. 3: Measurements corresponding to Fig. 2(b), but sweep- 
ing the magnetic field and stepping the gate voltages after 
each trace, (a) Up-sweeps — 120 mT to +100 mT (b) Down- 
sweeps. Inset: Current traces for variation of the gate volt- 
ages starting from point X demonstrating the bistability. The 
high-current state is stable, once the gates are tuned out of 
the region of suppressed relaxation. 



through the hyperfine interaction. While the bistable be- 
havior in our system is different from the one reported in 
GaAs DQDs [H, [iH, we believe that the strong reduc- 
tion of leakage current is related to dynamic polarization 
of the nuclei. 

To explain our results, we propose a model where 
a net nuclear polarization can be achieved only when 
hyperfine-induced processes occur in parallel with alter- 
native relaxation paths, which we attribute to spin-orbit 
interaction. The polarized nuclei then create an effective 
magnetic field Bjy opposite to the external field which 
suppresses the relaxation at larger fields. 

Recent theoretical work addresses the question how nu- 
clear s pin polarization can emerge in a spin blockaded 
DQD [30|. The transitions T± — > S involve a spin-flip 
for an electron. If mediated by the hyperfine interaction 
0, EE! , this transfers a spin quantum from the electron 
to the nuclei (so-called flip-flop process). The flip-flop 
rates Y± depend on the energy splitting between T± and 
the singlet, and are maximum for aligned energy levels. 
As shown in Fig. 4(a), the splitting varies with the detun- 
ing Alr between the dot levels and the magnetic field 
that splits T± from T [3, 0- The singlets 5(1, 1) and 
5(0, 2) are hybridized by the tunnel coupling and form 
two branches. Yet even if one of the rates is much higher 
than the others, no nuclear polarization is build up since 
electrons enter into the states T + or T_ with the same 
probability. A net polarization is expected only if alter- 
native paths from T to S (e.g. mediated by spin-orbit 
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FIG. 4: (a) Dependence of the singlet branches S and triplets 
Tb,±(l, 1) on the detuning Alr of the dot levels, (b) Evolu- 
tion of the triplet energies at fixed Alr for up- and down- 
sweeps of the magnetic field, including the influence of dy- 
namic nuclear spin polarization. Arrows indicate the sweep 
direction, (c) Current trace along the dashed line in Fig. 3(b). 
Up-sweeps (green) and down-sweeps (black). The dotted 
curves are taken at stronger coupling (Fig. 2(a)). (d) Current 
along the dashed line in Fig. 3(b) for different temperatures. 



coupling) allow the fastest rate to dominate the net re- 
laxation [30[. 

The scenario we propose is depicted in Fig. 4(b). For 
small fields, T + approaches the lower singlet branch S, 
while T_ is shifted away in energy. The relaxation 
T + — > S thus dominates. During this process, an electron 
is flipped from parallel to antiparallel alignment with the 
external field. Correspondingly, an increasing amount of 
nuclear spins are flipped parallel to the field. Due to the 
negative g-factor in In As, the nuclear field Bn therefore 
counteracts the external field [3l| . Further Zeeman split- 
ting is inhibited and the triplets evolve along the inner 
traces in Fig. 4(b) (green arrow). The leakage current is 
thus sustained at the low field value ~ 1 pA (Fig. 4(c)). 
For further increasing field, a saturation for the nuclear 
polarization is reached and the triplets split more. As 
soon as T_ crosses the upper singlet branch, the T_ — > S 
relaxation becomes energetically possible. This flip-flop 
process builds up a nuclear field that supports the ex- 
ternal field, which leads to a sharp rise of the Zeeman 
splitting and to a step in current. Decreasing the B field, 
the high current state is stable until T + crosses S again 
and the nuclei reduce the effective field for the electrons. 

The bistable behavior vanishes above a critical value 
for the coupling (Fig. 2(b) inset). This can be understood 
when solving the rate equation for the flip-flop process in 
a simplified model with spin-| nuclei, which leads to a 



condition for the creation of a nuclear spin polarization 

(e + fi B g*B N , t ) 2 + (hT D f < (fi B g* B N , t ) 2 . 

Here, e is the S-To splitting, Tjj is the coupling of 5(0, 2) 
to the drain lead and Bnj the total nuclear field pro- 
duced by the polarization of all nuclei. This condition 
shows that nuclear spin polarization is not possible for a 
too large splitting e. Increasing the coupling leads to an 
increase of the 5(1, l)-5(0, 2) anticrossing and thus to an 
increase of e. 

The insensitivity on the magnetic field sweep rate sug- 
gests that nuclear spin relaxation times are smaller than 
Is, which is significantly shorter than in GaAs [16L 1251]. 
Fast nuclear spin relaxation has also been observed in 
InGaAs QDs by optical pumping [29[. A puzzle is 
the abrupt suppression of the bistable behavior above 
T cr « 600 mK, which has not been observed in GaAs 
quantum dots [25]. 

In conclusion we investigated spin relaxation by the 
leakage current through a DQD in the regime of spin 
blockade. We showed, that the interplay of two indepen- 
dent relaxation mechanisms leads to suppressed leakage 
compared to the individual contributions. 
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